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Abstract
We investigate the processes e+e− annihilating to J/ψpipi, ψ′pipi and hcpipi. The coupled-channel effects
induced by the couplings between the widely acceptedD-wave charmonium ψ(4160) andD1D,D1D
∗ and
D2D
∗ charmed meson pairs in the S-wave state with couplings given by heavy quark spin symmetry are
analyzed. The line shapes show the presence of cusps that result from the singularities of the rescattering
loops, which could be helpful in understanding the nature of Y (4260), Y (4360), Zc(3900)/Zc(3885) and
Zc(4020)/Zc(4025).
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I. INTRODUCTION
There has been a renewal of QCD spectroscopy in the past decade, initiated by the findings
of numerous XY Z states near the open-flavor thresholds. Most of these states do not fit into the
predictions of the quenched potential quark model, which has been proved to be very successful
in describing the conventional heavy quarkonia below the open-flavor threshold. These inconsis-
tences remind people that the vacuum polarization effect of dynamical fermions should receive
more attention in understanding the heavy quarkonium spectroscopy. This vacuum polarization
effect could be described by the coupled-channel effects induced by the couplings between heavy
quarkonia and open-flavor mesons. After taking into account the coupled-channel effects, the
masses and decay properties of the heavy quarkonia will be changed significantly, especially when
the masses of the heavy quarkonia are close to the corresponding open-flavor thresholds [1–9].
The mysterious charmonium-like state Y (4260) has many peculiar properties. As a charmo-
nium candidate, it is observed in the J/ψpipi channel, but not in the open-charm decay channels
which are supposed to be favorable decay modes of conventional cc¯ states. The R-value scan
around 4.26 GeV also appears to have a dip instead of a bump structure. The state observed in
the ψ′pipi channel, Y (4360), has similar puzzles as those of Y (4260). Recent experimental ob-
servations revive discussions on the nature of Y (4260). Several charged charmonium-like struc-
tures, Zc(3900), Zc(3885), Zc(4020) and Zc(4025), are observed while studying Y (4260) [10–15],
which makes Y (4260) more intriguing. We refer to Refs. [16, 17] for a recent review about these
XY Z states.
Since the masses of excited charmed mesons are usually larger, the influence of coupled-
channel effects on charmonia with the P -wave charmed mesons (D0, D1, etc.) involved has
not been widely studied before. On the other hand, the thresholds of the combinations of S-
and P -wave charmed mesons are very close to Y (4260) and Y (4360), and their couplings with
the parity-odd charmonia could be S wave, which is supposed to be strong. In this paper, we
will study the influence of the coupled-channel effects on the line shapes of some pertinent cross
sections and invariant mass distributions, where the contributions with P -wave charmed mesons
involved are emphasized.
II. COUPLED-CHANNELEFFECTS IN THE DIPION TRANSITIONS
We will build our model within the framework of heavy hadron chiral perturbation theory
(HHChPT). In HHChPT, to encode the heavy quark spin symmetry (HQSS), the doublets with
light degrees of freedom (LDOF) JP = 1/2−, 1/2+, 3/2+ are collected into three superfields
Ha =
1 + v/
2
[D∗aµγµ −Daγ5] , (1)
Sa =
1 + v/
2
[D′µ1aγµγ5 −D∗0a] , (2)
T µa =
1 + v/
2
{
Dµν2a γν
−
√
3
2
D1aνγ5
[
gµν − 1
3
γν(γµ − vµ)
]}
, (3)
respectively, where a is the light flavor index. For clarity, in the following, we will use HH
to represent D(∗)D(∗) combinations, with the similar conventions for TH and SH . The S-wave
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charmonia ψ(nS) may couple to HH and SH via relative P and S wave respectively, where n
denotes the radial quantum number. Required by HQSS, the total angular momentum of LDOF
should also be conserved for these couplings. For the TH combination, their LDOF carry angular
momentum 3/2 and 1/2 respectively. In an S-wave coupling, they cannot produce zero angular
momentum carried by LDOF of ψ(nS). As a result, the S-wave coupling between ψ(nS) and
TH , although allowed by the parity conservation, will be suppressed according to HQSS [18]. In
the heavy quark limit, the only allowed coupling is D wave. However, for the coupling between
D-wave charmonia ψ(nD) and TH , the S-wave coupling is allowed, since the total angular mo-
mentum of the LDOF of ψ(nD) is 2. This gives us a hint that the coupled-channel interactions
between ψ(nD) and TH may largely affect the mass and decay properties of ψ(nD), especially
for the D-wave charmonia close to TH thresholds. In the charmonium family, ψ(4160) is widely
considered as a conventional 23D1 charmonium, whose mass and width are estimated by PDG to
beMψ=4153±3MeV and Γψ=103±8MeV [19]. If we use the latest data, its mass and width are
found to beMψ=4191.7± 6.5MeV and Γψ=71.8± 12.3MeV in Ref. [20], orMψ=4193± 7MeV
and Γψ=79±14MeV in Ref. [21], which are very close to TH thresholds and the mass of Y (4260).
Therefore it is natural to wonder whether there is some kind of connection between these states
and the TH coupled channels. For further discussion, we mention thatHH may couple to ψ(nD)
via the P wave, and the S-wave coupling between SH and ψ(nD) is also suppressed according
to HQSS. SH may couple to ψ(nS) via the S wave. We show the HQSS allowed couplings in
Table. I to make the above points clear.
TABLE I: HQSS allowed couplings.
HH SH TH
ψ(nS) P -wave S-wave D-wave
ψ(nD) P -wave D-wave S-, D-wave
There are plenty of data for e+e− annihilating to one heavy quarkonium plus two pion mesons.
Many interesting phenomena have been discovered in these channels. We will investigate these
exclusive processes in this paper to try to quantify the coupled-channel effects. Taking into account
the previous discussions, using HHChPT power counting we introduce the leading order effective
Lagrangian as follows:
L1 = gT√
2
< JµνH¯†aγνT¯aµ − Jµν T¯ †aµγνH¯a >
+ igH < J
µνH¯†aγµ
←→
∂ νH¯a >
+ gS < JS¯
†
aH¯a + JH¯
†
aS¯a >
+ CS < JH¯
†
bγµγ5H¯aAµba >
+ iCP < J
µH¯†bσµνγ5H¯aAνba > +H.c., (4)
where < · · · > means the trace over Dirac matrices, Aµ is the chiral axial vector containing the
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Goldstone bosons, and the fields for the S-, P -, and D-wave charmonia read
J =
1 + v/
2
[ψ(nS)µγµ]
1− v/
2
, Jµ =
1 + v/
2
[hc(nP )
µγ5]
1− v/
2
Jµν =
1 + v/
2
{
ψ(nD)α
[
1
2
√
3
5
[(γµ − vµ)gαν
+(γν − vν)gαµ]−
√
1
15
(gµν − vµvν)γα
]}
1− v/
2
, (5)
respectively, where only the states relevant for our discussion are included. The effective La-
grangian for the strong interactions of heavy mesons with Goldstone bosons reads
L2 = i h
′
Λχ
< H¯aT
µ
b γ
νγ5(DµAν +DνAµ)ba >
+ ih < H¯aSbγµγ5Aµba > +ig < Hbγµγ5AµbaH¯a > . (6)
Some of these Lagrangians have been introduced in Refs. [22–27], we refer to Ref. [23] for a
review and some conventions.
The coefficient gT in Eq. (4), which describes the coupling strength between ψ(nD) and TH ,
is not well determined. But taking into account the coupling is S wave, it may be expected to
be large. There are some indirect experimental evidences to support this argument. For instance,
ψ(4415) is a widely accepted S-wave charmonium, its decaying to D2D is a D-wave decay, but
the branching fraction is very large, which is (10±4)% estimated by PDG [19]. Therefore it seems
to be reasonable to expect the S-wave coupling constant gT could also be sizable. Of course this
is not a serious estimation, to obtain some less model-dependent result, we will only focus on
the line shape behavior of the total and differential cross sections of the pertinent channels in this
paper.
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H
H
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pi
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pi
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FIG. 1: Feynman diagrams for the dipion transitions.
The Feynman diagrams which contribute to the dipion transitions are displayed in Fig. 1, where
we will take ψ(4160) as the most relevant ψ(nD) state, and use its PDG averaged mass and width
as the input parameters in our calculation. Although the production ofD-wave charmonia in e+e−
annihilation is supposed to be suppressed, the experimental data indicates the electron decay width
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of ψ(4160) is not small, i.e. Γee=(0.83 ± 0.07) KeV [19], which possibly results from the S-D
mixing effect. However, we still face a dilemma here. The larger electron decay width of ψ(4160)
implies the HQSS breaking effects, or some higher order contributions in the effective theory, may
also be important, which can be ascribed to the fact that the charm quark is not so heavy. For the
moment we will ignore some symmetry breaking effects, such as the breaking in the couplings
between ψ(nD) and TH , and still follow the guidance of HQSS (see Refs. [18, 28] for some
discussions on the symmetry breaking effects).
For the tree diagram displayed in Fig. 1(A), its amplitude will be proportional to a Breit-Wigner
form function
BW [ψ(4160)] = (s−M2ψ + iMψΓψ)−1, (7)
where s is the center of mass energy squared. The cross section line shape of this diagram will be
ordinary, which is just the usual Breit-Wigner structure, but it can provide some background that
may affect the line shape behavior via interference.
For the triangle diagrams which describe the coupled-channel effects, there are several kinds of
singularities corresponding to them. The location of the singularities in the complex space of the
external momentum variables can be determined by a set of equations, which are usually called
the Landau equations [29]. In some special kinematic configurations, all of the three internal
lines can be on shell simultaneously, which corresponds to the leading singularity of the triangle
diagram [30]. The singularities that correspond to two of the internal lines being on shell are
lower-order singularities [30]. For the triangle diagram, the location of the leading singularity
corresponds to the anomalous threshold, while the lower-order singularity corresponds to the
normal threshold [30–32]. For instance, in Fig. 2, whenW=m1+m3, the anomalous threshold s¯2
in the complex s2-plane is real, and
s¯2 = sn +
m1
m3
[(m2 −m3)2 −m2], (8)
where sn is the normal threshold (m1 + m2)
2, and we have assumed the internal particles are
stable. The above triangle singularities (TS) are usually branch points of the amplitude in the
complex space. When the singularities approach close to the physical region, they may affect the
threshold behavior of the physical amplitude dramatically, or show up directly as bumps or cusps
in the amplitude [30, 31, 33–35]. The THH loops in our discussion just approximately meet the
kinematic conditions of the leading TS, and for the charmed meson loops, according to Eq. (8),
the anomalous threshold and normal threshold are very close to each other. We therefore expect
these TS may lead to some detectable effects for the relevant processes.
p1
m3
m1
m2
p3
p2
FIG. 2: Triangle diagram under discussion. For the external momenta, we define p21 = W
2, p22 = s2, and
p23 = m
2.
Concerning Fig. 1(B), named as THH loop in this paper, there are four subdiagrams catego-
rized by the intermediated charmed mesons:
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I) {D1D [D∗]},
II) {D1D∗ [D∗]},
III) {D2D∗ [D]},
IV) {D2D∗ [D∗]},
where the charmed mesons in the brackets correspond to the vertical propagators in the THH
loops. For J/ψ(ψ′)pipi final states, the amplitudes corresponding to the above four subdiagrams
have a simple relation in the heavy quark limit, i.e.,
MI :MII :MIII :MIV = 1 : 1
2
: −1
5
:
3
10
. (9)
This implies the main contribution may come from the {D1D [D∗]} loop. For ψ(nD)→hcpipi,
the spin of the charm quark is flipped, which means this process is forbidden in the heavy quark
limit. However, since we are using physical masses as input in the calculation and the masses of
charmonia and charmed mesons are not so heavy, the amplitude still could be sizable. In Fig. 3, we
display the line shapes of the energy dependence of the cross sections for e+e−→J/ψpipi, ψ′pipi
and hcpipi via the D-wave state ψ(4160) and THH loops. For the J/ψpipi channel, apart from
the ψ(4160) bump, three cusps appeared at the thresholds of D1D, D1D
∗ and D2D
∗ respectively.
Among these cusps, the one staying aroundD1D threshold is the most obvious one, which can be
understood according to Eq. (9). The peak position of ψ(4160) is upward shifted because of the
interference with D1D cusp. For ψ
′pipi and hcpipi channels, the ψ(4160) bump is nearly smeared
since the D1D cusp is much stronger. This can be attributed to the thresholds of ψ
′pi and hcpi
are much closer to that of HH , compared with that of J/ψpi, which will strengthen TS. There is
another way to understand this point. If we assume there are Zc(3900) and Zc(4020) molecular
states produced in this THH loop mechanism, which corresponds to plug two propagators into
the black bubble of the diagram Fig. 1(B) separately, the line shapes will be changed to some
extent, as illustrated in Fig. 3. Taking into account the four types of THH loops, if we plug in
Zc(3900), since it stays in the vicinity ofDD
∗ threshold,MI will become so strong that theD1D∗
andD2D
∗ cusps blur to obscurity. On the other hand, if we plug in Zc(4020)which is much closer
to the D∗D∗ threshold,MII andMIV will be strengthened, therefore the D1D∗ and D2D∗ cusps
become more obvious.
The line shapes of differential cross sections also show some extraordinary phenomena. We
display the results at several center of mass energy points in Fig. 3. For J/ψpi distribution, a mini
cusp appeared around theDD∗ threshold at
√
s =4.16 GeV. With the energy increasing and being
close to the D1D threshold, TS may occur and a clear narrow cusp emerged around the DD
∗
threshold at
√
s =4.26 GeV. With the continuous growth of the energy, the contributions ofMII ,
MIII andMIV becomemore and more significant, and the cusp aroundD∗D∗ is emerging, but the
cusp around DD∗ is fading since the energy is running away from the favorable region where TS
ofMI plays an important role. For ψ′pi and hcpi distributions, theD∗D∗ cusp has already showed
up around
√
s =4.36 GeV. When the energy comes to 4.415 GeV, the D∗D∗ cusp becomes very
obvious. It should be mentioned these cusps are also affected by the reflection effects in the Dalitz
plot.
From the above discussions, it can be concluded that the kinematics play a crucial role to
produce the intriguing line shapes of total and differential cross sections. That is because TS of
the THH loops has its favorable kinematic region, it is sensitive both to the masses of the internal
and external states. Another important relevant factor is the phase space. These factors lead to
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FIG. 3: Left: Energy dependence of the cross section for e+e−→ (a) J/ψpipi, (b) ψ′pipi, and (c) hcpipi
via ψ(4160) and intermediate THH loops. The solid line is the result with only taking into account the
contact interaction, the dotted and dotdashed lines correspond to the result with plugging into Zc(3900) and
Zc(4020) propagator respectively, and the magnitude of these lines has been rescaled to a similar level. The
vertical lines (from left to right) indicate the mass of ψ(4160), the thresholds of D1D, D1D
∗ and D2D
∗
respectively. Right: The corresponding invariant mass distributions of (d) J/ψpi, (e) ψ′pi, and (f) hcpi at
four center of mass energy points. Only the contact interactions are taken into account in THH loops. The
experimental data are taken from Ref. [36] for (a), Ref. [37] for (b), Ref. [12] for (c), Ref. [10] for (d), and
Ref. [12] for (f) respectively. The data points are rescaled to adapt the theoretical lines.
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the production of different cusps for different final states and different energy points. The ψ′pipi
channel can be taken as a direct prediction to check this argument, since its dynamical production
mechanism is the same with that of J/ψpipi but the kinematics is different.
If comparing Fig. 3 with the experimental data in Refs. [10–12, 15, 36–40], it can be no-
ticed that these cusps approximately fall in the corresponding vicinities of Y (4260), Y (4360),
Zc(3900)/Zc(3885) and Zc(4020)/Zc(4025) in the same processes, and there are no genuine res-
onances introduced in this model. These cusps are generated in the dipion transitions by this
special rescattering mechanism, but the open-charm channels D
(∗)
(s)D
(∗)
(s) will not suffer from this
mechanism. Therefore it will not be very surprising to observe a dip in R-value scan and open
charm distributions around 4.26 and 4.36 GeV. Apart from this, there is DD∗ (Zc(3900)) but no
D∗D∗(Zc(4020)) threshold bump obtained in the J/ψpi distribution, which is in agreement with
the experimental observations [10, 11]. For the hcpipi channel, there is a distinct Zc(4020) signal
but no significant Zc(3900) signal observed in the experiment [12]. On one hand, in our THH
loop mechanism, the line shape behavior of the differential cross section is sensitive to the kine-
matics, and different cusps will appear for different center of mass energy
√
s. For instance, as
illustrated in Fig. 3(f), when
√
s=4.26 GeV, the DD∗ cusp is much more obvious than the D∗D∗
cusp. In contrast, when
√
s=4.415 GeV, the D∗D∗ cusp is more obvious. On the other hand, the
experimental data displayed in Fig. 3(f) is a summation over data at many energy points, and the
integrated luminosities and cross sections are different among these energy points [12]. Consid-
ering that in our model the relative strength of DD∗ and D∗D∗ cusps will change according to
the center of mass energy, we qualitatively suppose that the THH loop mechanism can partly ac-
count for the experimental observation of the hcpipi channel. It should be mentioned that, in Fig. 3,
we incorporate some data points of the pertinent experiments, but we do not mean to fit the data
considering these plots only include the contributions from THH loops.
However, just according to this simple model, the peak positions and bump structures are not
precisely consistent with the current data. For instance, there is still a shifted ψ(4160) bump
appearing in Fig. 3(a), but this structure is not clear in experiment [36]. Another inconsistency is
that DD∗ cusps are stronger than D∗D∗ cusps at
√
s =4.26 and 4.36 GeV in Fig. 3(f) (compared
with Ref. [12]), although we concluded that the strength of the cusps are sensitive to energies.
To compensate for the deficiency of this simplified scenario, it seems that we need some proper
interferences between the tree diagrams and THH loops. This seems to be possible, since the tree
diagrams will only affect the energy region aroundMψ(4160) according to the Breit-Wigner function
Eq. (7), a proper destructive interference will possibly flatten out the bump around ψ(4160). On
the other hand, for ψ′pipi and hcpipi final states, as the ψ(4160) structure is already smeared, the
interference may possibly make it show up again and change the D1D cusp structure. With the
center of mass energy increasing, the contribution from some other higher charmonia, such as
ψ(4415), will be involved. ψ(4415) also stays close to the thresholds of TH , but these couplings
are D wave, whose contribution will be higher order and the cusps are expected to be weakened.
If we take into account S-D mixing between charmonia, ψ(4415) can also couple to TH via S
wave. Since its mass is closer to D1D
∗ compared with D1D, it will strengthenMII and then
strengthen the D∗D∗ cusp. This may also compensate for the deficiency appearing in the hcpipi
channel. However, since we cannot give reliable estimations of the pertinent couplings for the
moment, these are just some qualitative speculations.
There are also some theoretical uncertainties concerning our scenario. For HH→J/ψ(ψ′)pi,
there are two mechanisms that contribute at the same order according to the HHChPT power
counting. One is the short distance process mediated by the contact interaction, as we used in
our model. Another one is the t-channel process by exchanging an off shell charmed meson. For
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HH→hcpi, the contribution from the second one is even at a lower order. If we take the t-channel
interaction into account, it will change the triangle diagram to the box diagram. But the singular
properties of the box diagram can be ascribed to the triangle diagrams, and the most important
contribution still comes from the case when THH are approximately on shell. To simplify the
calculation and show the intrinsic characters of the loops, i.e. TS, we will mainly discuss the
triangle diagrams here. The relative strength of the rescattering amplitude will be affected by
these theoretical uncertainties, but the singularity behavior of the loops is mainly in connection
with the kinematics, and the line shapes will not be distorted much.
From the point of view of TS and kinematics, the model discussed here shares the similar
scenario with the D1D molecular state ansatz discussed in Refs. [34, 35, 41, 42]. One different
point is that it incorporates the D1D, D1D
∗ and D2D
∗ combinations in a singe Lagrangian with
the relative phase and coupling strength fixed in the heavy quark limit, which leads to most of the
TH and HH cusp structures being studied simultaneously in the same channel. Another crucial
point is, no matter whether the molecular state exists or not, it seems to be natural to suppose the
coupled-channel effects, or the vacuum polarization effects, should exist physically.
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FIG. 4: (a)Differential cross section for e+e−→J/ψpipi via ψ(4160) and intermediate HHH loops. (b)
Energy dependence of the cross section for e+e−→ J/ψpipi via ψ(4040) and intermediate SHH loops,
where the solid and dotted line corresponds to the result with and without taking into account the broad
width influence of D0 and D
′
1 respectively.
This is not the whole story concerning the rescattering processes if we only take into account
the THH loops. Since experiments indicate the main decay channel of ψ(4160) is HH , we
should also include the contribution from HHH loops, as illustrated in Fig. 1(C). But the thresh-
old of HH is far away from the energy region discussed here, which does not favor the kinematic
conditions of TS, and the coupling between ψ(nD) and HH is P wave, which will also sup-
press the rescattering amplitude. To make it clear, we display the differential cross section for
e+e−→J/ψpipi in Fig. 4(a). At the center of mass energy around √s = 4.16 GeV, if the rescatter-
ing occurs via THH loops, although it is not the favorable energy point for producing singularity,
there is still a visible narrow cusp appearing around the DD∗ threshold. But if the rescattering
occurs via HHH loops, the cusp will be nearly smeared, which is inconsistent with the result of
CLEO-c [15]. This in another way supports that the coupling between ψ(4160) and TH could
be sizable. We also studied the rescattering processes through ψ(nS) and SHH loops. As dis-
cussed in Ref. [35], since D0 and D
′
1 are too broad, if taking into account their width effects, the
singularities will be smoothed out and the amplitude will be lowered to some extent. We display
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one result in Fig. 4(b), where we have chosen ψ(4040) as the intermediate S-wave charmonium
[another option is ψ(4415)]. It can be seen the cusps at D0D
∗, D′1D, and D
′
1D
∗ are smoothed
by the broad width. This is just a simple estimation, since we only change the propagators in the
loops to the Breit-Winger functions, which may account for the contributions from higher order
corrections. The real situation may be complicated. Although the line shape behavior of HHH
and SHH loops seems to be ordinary, they can also provide some background for interference
with THH loops, which is similar to the tree diagrams.
III. SUMMARY
In conclusion, we have discussed the line shape behavior of the cross sections and distributions
of e+e−→J/ψpipi, ψ′pipi and hcpipi. The coupled-channel effects, especially that induced by the
couplings between the D-wave charmonia and TH charmed mesons (THH loops), are empha-
sized. Because these leading order S-wave couplings will respect HQSS, and another important
reason is the thresholds of TH are close to that of Y (4260) and Y (4360). Using ψ(4160) as the
input ψ(nD), we obtain some cusps staying at the thresholds of TH and HH , which may have
some underlying connections with the XY Z states observed around these thresholds. With a few
theoretical uncertainties, the line shape behavior is less model dependent, and it indicates that
these cusps are sensitive to the kinematics, that is because TS of the THH loops has its favorable
kinematic region. This can explain why Zc(3900)/Zc(3885) and Zc(4020)/Zc(4025) are observed
in different processes and energy points. The ψ′pipi channel can be taken as a direct prediction to
check this scenario.
Our paper just focuses on the dipion transitions of the charmonia, as a qualitative guess, if the
coupled-channel effects with the P -wave charmed mesons involved are truly so important, maybe
they can also compensate for the mass shift of charmonia sizably.
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